ABSTRACT: Even though thousands of microbial strains have now been successfully cultivated and described, these only represent a small fraction of global microbial diversity. Moreover, many of the ubiquitous and abundant environmental microorganisms still defy axenic cultivation. Here, I present mixed cultures as a powerful tool to cultivate and study ubiquitous but hard-to-cultivate microorganisms. A mixed culture is a subsample from a complex natural community that contains 2 or more microbial strains. When cultivated together with their metabolic partners, these ubiquitous microorganisms can mutually satisfy metabolic dependencies just as they do in the environment. By reducing the complexity while keeping some diversity, mixed cultures can then be used as model communities. Furthermore, by combining the relative simplicity of these model communities with molecular and bioinformatics tools, the complex natural interactions could be deciphered one model community at a time. Ultimately, mixed cultures can be used to generate a working hypothesis to explore the microbial ecology and genetic population structures of the unseen vast majority of microorganisms.
INTRODUCTION
Microorganisms are the most diverse and abundant cellular life form on Earth (Rinke et al. 2013) . Despite the great increase in the availability of diverse media and isolation techniques, a large majority of these organisms have not been cultivated (Amann et al. 1995 , del Campo et al. 2016 , Henson et al. 2016 , Hug et al. 2016 . In fact, we have only re cently become aware of their presence, mainly through cultivation-independent molecular surveys based on ribosomal RNAs (Woese et al. 1990 , Rajendhran & Gunasekaran 2011 or through shotgun sequencing (Gilbert & Dupont 2011) . Ribosomal RNA analysis suggests that uncultivated organisms are found in nearly every prokaryotic group, and for several phyla no known cultivated representatives are known (Kaeberlein et al. 2002 , Hug et al. 2016 .
Until now, all these uncultivated microorganisms have been called 'unculturable.' However, 'unculturable' does not really mean that they cannot be cultivated; it rather indicates that current culturing techniques are unable to grow a given microorganism in pure cultures in the laboratory (Stewart 2012) . Since most microorganisms do not easily grow in the laboratory, microbial ecologists have concentrated either on a subset of bacteria and archaea that are amenable to conventional culturing or on the use of culture-independent methods to describe microorganisms that compose natural microbial communi-ties. Nevertheless, cultivation remains important in the '-omics' age to validate genomic predictions and to allow the study of the organism as a whole (Giovannoni & Stingl 2007) . A true understanding of the physiology of these bacteria and their roles in the environment (ecology), in host health, or in the production of metabolites requires that they be cultivated in the laboratory (Salcher & Šimek) . In fact, cultivationdependent and -independent methods should be seen as complementary and integrated approaches.
While heterotrophic flagellates have been cultured together with bacteria as their food (del Campo et al. 2013 , Jeuck & Arndt 2013 , bacteria have mainly been studied using Koch's classical cultivation methods, i.e. by growing isolated clonal populations from a single cell. Such isolation procedures aimed primarily at studying bacteria in relation to diseases and industrial processes (Penn & Dworkin 1976) . Over the last century, microbiologists have isolated microorganisms from their natural communities and focused on their behavior in laboratory environments. However, even when the microorganisms have been taken away from their environment, the study of organisms in pure cultures has produced a staggering depth and breadth of knowledge in cellular microbiology. Nevertheless, the complexity of natural microbial communities demands that we direct our attention to more natural assemblages with genotypic and nutritional diversity (Little et al. 2008) . Consequently, studying such assemblages will not only shed light on microbial interactions, but might also reveal the reason why obtaining pure cultures of many microorganisms is such a challenge.
In most cases, microorganisms exist in taxonomically diverse communities whose structure is determined by a complex interplay between environmental factors and ecological interactions among the respective community members (Little et al. 2008) . Since many of those microorganisms still have not grown in pure culture in the laboratory, it is evident that the traditional isolation techniques used during the last 2 centuries are biased. First, because of the high nutrient density used in the media, we are biased towards cultivating copiotrophs. Second, the use of defined media under batch culture requires microorganisms, which were previously adapted to living in a complex community, to grow under certain new constraints: a limited variety of nutrient sources, a gradual decrease in the concentration of the nutrients, and a gradual increase in by-products. For instance, difficulties in isolating microorganisms relate to the use (quality and quantity) of organic matter, slow growth, oligotrophy, low cell densities, auxotrophy, unknown and/or unstable growth factors, dependence on the presence of other bacteria, and perhaps the combination of more than one of these reasons (Giovannoni & Stingl 2007 , D'Onofrio et al. 2010 , Carini et al. 2013 , del Campo et al. 2013 , Garcia et al. 2014 .
Mixed cultures, as subsamples from complex natural communities, containing 2 or more bacterial strains can provide a simple enough community to rationally and robustly study and describe the individual community members (Fig. 1) . At the same time, such mixed cultures share many properties with natural communities and hence could be used as model communities. Although cultures including multiple divergent phylotypes are often regarded as a failed attempt at classical pure-culture isolation (Brock 1987) , some researchers have used mixed cultures as tools to study biochemical and ecological interactions or culture new microorganisms. In fact, mixed cultures are not a recent idea. In 1895, Sergei Winogradsky was the first to cultivate Clostridium pasteurianum through a series of mixed cultures, which were followed by pure culture experiments (Little et al. 2008 ). More recent examples include isolation approaches where mixed cultures have been more efficient for culturing bacteria indigenous to peat bogs (Dedysh et al. 2006) , sediments (D'Onofrio et al. 2010) , and marine (Morris et al. 2008 ) and freshwater systems (Hahn 2009 , Jezbera et al. 2009 , Garcia et al. 2014 ). Indeed, in many cases, cell material from mixed cultures can be used to attempt further isolation (Dedysh et al. 2006, Salcher & Šimek) . 
MIXED CULTURES AS TOOLS

Studying biochemical and ecological interactions
Mixed cultures have been widely used to study population interactions; for example, known microbial isolates have been mixed as a means of studying population dynamics such as competition and mutualism (Fredrickson 1977) . Recently, synthetically mixed cultures have attracted interest as they can be screened for specific characteristics and functions which are useful for industrial applications such as fermentation, bioremediation, and production of biofuels (De Roy et al. 2014 , Novo veska et al. 2016 , Sargsyan et al. 2016 . Moreover, studies of mixed cultures have already offered many examples of why growing microbial mixtures is a great starting point to study ecological interactions, search for specific biochemical transformations, and ultimately also cultivate those 'unculturable' microorganisms.
Several examples exist where some members of mixed cultures remove or utilize molecules that inhibit the growth of other community members ( Fig. 2: cell A removes the inhibitor of cell B). Wilkinson et al. (1974) , for instance, found that Pseudo monas sp. produces methanol from methane. In their study, this methanol was then consumed by Hypho microbium sp., which was also present in the community.
Methanol is strongly inhibitory to the growth of the Pseudomonas, but even at low concentrations, it supports rapid growth of Hyphomicrobium. It should be noted that the authors were not able to grow the focal Pseudomonas strain in pure culture (Wilkinson et al. 1974) . Another more recent example of an inhibitory molecule being removed is found in mixed cultures of Prochlorococcus. After analyzing several mixed cultures and identifying the different possible helper bacteria, Morris et al. (2008) were able to purify the culture of Prochlorococcus. They speculated that helper bacteria were mainly removing hydrogen peroxide from the medium. Indeed, adding catalase enhanced the growth of the corresponding strain in pure culture (Morris et al. 2008) . In a subsequent study, the same group demonstrated that removal of hydrogen peroxide is both necessary and sufficient for growth stimulation, thus corroborating the interpretation that the helper bacteria were reducing oxidative stress and thus allowing the sensitive Prochlorococcus to grow (Morris et al. 2011) .
Mixed cultures have also been very useful when trying to disentangle chemical transformations that result from microbial metabolism (Fig. 2: cells A, B , and C working together). For example, anaerobic oxidation of methane is an environmentally important process mediated by microorganisms. Boetius et al. (2000) hypothesized that a consortium of archaea and sulfate-reducing bacteria performs the process in gashydrate-rich sediments. Ever since, many microbiologists have been trying to isolate the microbial strain that performs anaerobic methane oxidation, but instead, only mixed cultures have been obtained (Raghoebarsing et al. 2006 , Hu et al. 2009 ). In another example, polyvinyl alcohol (PVA)-utilizing consortia were cultivated to show that PVA was used symbiotically by 2 bacterial members that could not use PVA when grown in monoculture (Sakazawa et al. 1981) . One last example of chemical transformations is given by axenic and mixed cultures of Rhodococcus rhodochrous. These experiments testing the utilization of organosulfur compounds indicate that the desulfurization activity, on a per cell basis, is higher in mixed cultures than in axenic cultures (Kayser et al. 1993) . Taken together, these examples highlight that mixed cultures can be used as models to study chemical transformations that are relevant in the environment.
Other interesting findings include the discovery of intercellular connections in mixed bacterial cultures. Pande et al. (2015) discovered that bacteria could connect to other bacterial cells via membranederived nanotubes -even in a well-mixed environment. Cells used these tubes to exchange cytoplas- Microbe A requires specific growth factors that can be provided by Microbe C. Also, as part of its metabolism, Microbe A uses/degrades a compound that inhibits growth of Microbe B. Hence, Microbe B can grow because Microbe A removes the inhibitor from its environment. Microbe B also produces all essential amino acids. Microbe C is auxotrophic for some essential amino acids that could be provided by Microbe B. Microbes A, B, and C together perform a complex chemical transformation. Some examples of these chemical transformations are mixed cultures performing anaerobic oxidation of methane (Boetius et al. 2000 , Hu et al. 2009 ) and polyvinyl alcohol (PVA)-utilizing consortia (Sakazawa et al. 1981) mic constituents, and their formation was induced by auxotrophy-causing mutations. Cells ceased to establish these connections when amino acids were externally supplied, thus uncoupling the otherwise obligate dependency among genotypes. These results showed that bacteria could use nanotubes to exchange nutrients among connected cells and thus help to distribute metabolic functions within microbial communities (Pande et al. 2015) . Mixed cultures are also highly relevant for drug research, because they allow identification of biologically active compounds (Netzker et al. 2015) . This principle is nicely illustrated in a study in which the model fungus Aspergillus nidulans was co-cultivated with a collection of 58 soil-dwelling Actinobacteria (Schroeckh et al. 2009 ). It was found that a distinct fungal-bacterial interaction led to the specific activation of fungal secondary metabolism genes. These results provide strong evidence of specific interaction among different microorganisms and support the hypothesis that not only diffusible signals, but also intimate physical interactions, may contribute to the communication among different microorganisms and induce transcription of biosynthesis genes.
Uncultured bacteria are also quite common in hostassociated environments, and mixed cultures can offer a chance to study host−microbe interactions (Stewart 2012 , Krause et al. 2015 . For example, cocultures of algae and bacteria revealed that 2 specific bacterial strains (originally identified as Roseobacter sp. strain MS2 and Cytophaga sp. strain MS6) release diffusible, morphogenetic compounds that allow gametes of the marine green macroalga Ulva mutabilis to complete its normal development. In contrast, axenic cultivation of this macroalga resulted in slowgrowing, callus-like colonies with aberrant cell walls (Grueneberg et al. 2016) . Another example is the rice seedling blight fungus Rhizopus microsporus and its endosymbiont Burkholderia rhizoxinica that together form an unusual, highly specific alliance that produces the highly potent antimitotic phytotoxin rhizoxin (Moebius et al. 2014) .
Summing up, mixed cultures have not only provided valuable insight into metabolic processes, ecological interactions, and nutrient cycling, but also into functional stability of ecosystems (Wittebolle et al. 2009 ). All of these recent examples illustrate how microorganisms grown in mixed cultures co-facilitate acquisition of necessary nutrients and growth factors, help metabolize inhibitors, and reduce stress, thereby improving the growth of all parties (Fig. 2) . Hence it would be logical to use mixed cultures as a strategy to study microorganisms that elude cultivation in clonal fashion.
Studying population structures of microorganisms with streamlined genomes
Studying microorganisms in the context of a mixed culture becomes even more important considering that many free-living bacteria and archaea have streamlined genomes and are auxotrophic for one or more essential metabolites (Swan et al. 2013 , D'Souza et al. 2014 , Giovannoni et al. 2014 . Streamlined genomes are typically characterized by (1) small genomes with highly conserved core genomes and few pseudogenes, (2) low ratios of intergenic spacer DNA to coding DNA, and (3) low numbers of paralogs. These streamlined genomes may provide prokaryotes with a competitive advantage in nutrient-poor environmental niches (Giovannoni et al. 2014) . As a result of genome streamlining, gene loss renders freeliving bacteria dependent on co-occurring microorganisms (or other environmental sources, e.g. plants, decaying organisms, etc.) to compensate the lost metabolic functions (Morris et al. 2012) . Thus, mixed cultures could be powerful systems by resembling important features of the wild, while still reducing the complexity to manageable levels (Fig. 1) .
The advent and development of culture-independent methods (Sanger et al. 1977 , Woese et al. 1990 , Hugenholtz et al. 1998 , Tyson et al. 2004 , Marcy et al. 2007 , Woyke et al. 2009 ) opened up many exciting opportunities to study microbial communities. Moreover, applying bioinformatics tools to reconstruct genomes of previously uncultivated bacteria in communities with low microbial diversity has proven to be a successful approach (Tyson et al. 2004) . In this context, mixed cultures have the low diversity necessary to make them tractable targets for genome reconstruction and associated studies of their metabolic potential.
For example, the abundant and ubiquitous freshwater Actinobacteria clade acI was first discovered in the environment during environmental ribosomal RNA surveys (Hiorns et al. 1997 ). This clade is very diverse, comprising 13 species or 'tribes.' Members of each tribe share ≥97% 16S rRNA gene sequence identity (Newton et al. 2011) . Because acI constitutes up to 70% of total bacterial abundances in some freshwater systems (Warnecke et al. 2005) , many microbiologists have tried to obtain acI in pure culture. Even though there has been reported successful isolation of a pure culture more than once and by more than one lab, for unknown reasons these cultures were unable to be propagated and died soon afterwards (H. P. Grossart, M. M. Salcher and F. Warnecke unpublished data) . The first stable mixed culture containing acI was named 'Candidatus Planktophila limnetica' and only contributed < 0.1% to the total cell numbers of culture when cultivated in NSY medium (Jezbera et al. 2009 ). Unfortunately, its low abundance did not enable much physiological in sight into the lifestyle of these abundant players. Later, guided by cues provided by single-cell genomes (Garcia et al. 2013 ) (e.g. small genome size and lack of enzymes to reduce sulfur), efforts were made to culture acI in a mixed culture where acI was as abundant as in the environment. The mixed culture contained ~30% acI, grew successfully, and survived several transfers (Garcia et al. 2014) . The culture in combination with qPCR thus made it possible to calculate doubling time (in the presence of the partners) of the acI. Moreover, the culture further illustrated the oligotrophic lifestyle of these streamlined bacteria. Furthermore, DNA was sequenced and the ge nomes of the main members of the mixed culture were characterized. Interestingly, 3 of the 4 members had no cultivated representative reported previously. Auxotrophy for several vitamins and amino acids was observed in the acI freshwater bacteria (and in all other members of the culture) as well as a genomic structure pointing to a possible division of labor (Garcia et al. 2015) . This example further illustrates the power of mixed cultures to grow previously uncultivated bacteria. Mixed cultures have made it possible to study previously uncultivated bacteria, showing for most of them streamlined genomes as well as ecological interactions that allowed the members to metabolically complement each other.
CONCLUSION AND FUTURE PERSPECTIVES
Similar to conventional cultivation procedures for growing microorganisms in clonal cultures, work with mixed cultures is laborious and time-consuming (Ferguson et al. 1984 , Eilers et al. 2000 , Garcia et al. 2014 . Moreover, the maintenance and stabilization of mixed cultures can be more challenging than the maintenance of pure cultures (Novoveska et al. 2016 ). However, a mixed culture is a first step to obtain a pure culture (Salcher & Šimek) . In this way, the risk of ending empty-handed after hunting for a specific microorganism is lower than when aiming exclusively for a pure culture. Moreover, mixed cultures can be used to study ecological interactions among microorganisms in carefully controlled environments (Fig. 1) . For these reasons, it would be of great benefit to adopt mixed cultures as part of the microbial ecologist's toolkit to cultivate microorganisms that have evaded clonal cultivation.
One drawback of using cultivated strains is that it is unknown whether they have evolved adaptations to the culture conditions or whether the initial cultivation has selected for a specific rare genotype (Giovannoni & Stingl 2007) . However, if combining mixed culture strategy with DNA sequences from mixed cultures and environmental sources, the chances of understanding the genomic difference between the microorganisms obtained in the cultures and those inhabiting the environment are higher. Moreover, collecting several mixed cultures from the same environment could aid a more holistic understanding of the model communities that might uncover the complexity of the natural communities.
When working with mixed cultures, understanding the individual physiological features of the constituent community members is quite complex. However, mixed cultures can be used as sensors to fine-tune the development of artificial media that support the growth of the organisms of interest. Moreover, if several mixed cultures from the same environment could be analyzed, it might be possible to find the pattern of metabolites essentially required to grow and increase the chances of obtaining a pure culture. Accepting mixed cultures as a valid scientific method to study previously uncultivated bacteria will increase the number of microorganisms that we can study in culture, thus providing a chance to observe less biased samples of nature. 
